M aize (Zea mays L.) is a major source of calories and biofuel, with an estimated 187.9 million ha harvested worldwide in 2016 (FAOSTAT, 2016) . Maize can be grown in a diverse range of environments, from the equator to the low 50° latitudes (Meng et al., 2014) . Although widely adapted, maize is susceptible to abiotic stresses, such as drought, excess water, and heat. Management practices can mitigate certain abiotic stresses; fertilizers to overcome nutrient deficiencies, irrigation to relieve drought, and drainage tiles to remove excess water. Irrigation can also reduce yield losses attributable to heat stress (HS), but most maize grown for grain is produced without irrigation (Shaw et al., 2014; Carter et al., 2016) . For dryland production, planting heat-resistant cultivars offers protection against deleteriously high temperatures.
Heat stress can cause significant yield losses by reducing photosynthetic efficiency, resulting in kernel abortion and reduced starch storage (Schoper et al., 1986; Cantarero et al., 1999; Wilhelm et al., 1999; Edreira and Otegui, 2013) . Male flowers (tassels) are especially sensitive to HS (Schoper et al., 1987) . The effect of HS on foliar tissue is variable, and depending on the genotype and severity of stress, the consequences can range from a temporary
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ABSTRACT
The frequency of heat stress events is expected to increase, further complicating the challenge of feeding a growing population. A better understanding of the genetic and molecular mechanisms of heat stress tolerance in maize (Zea mays L.) would facilitate the development of heat-tolerant cultivars. To address this knowledge gap, we evaluated two biparental recombinant inbred line (RIL) populations (B73 ´ NC350 and B73 ´ CML103) for leaf and tassel heat tolerance traits. Two foliar traits, leaf firing and leaf blotching, were evaluated at three vegetative growth stages. In B73 ´ NC350, two tassel traits, tassel blasting and reduction in spikelet size, were scored at flowering. We detected 22 quantitative trait loci (QTL), 15 in B73 ´ NC350 and seven in B73 ´ CML103. We previously observed that the development of leaf firing was differentiable between parents, and indeed, the different manifestations of the leaf firing trait were not significantly correlated and QTL did not co-localize. Leaf firing and leaf blotching traits were correlated at some vegetative growth stages, and most QTL did not co-localize. Quantitative trait loci number and position for traits measured at multiple vegetative stages were generally consistent. There was a single QTL for tassel blasting on chromosome 5. Heat-induced plant death segregated in B73 ´ CML103 and a major QTL was detected on chromosome 3, explaining 26.2% of phenotypic variance. Our study indicates that complex genetic mechanisms underlie the heat stress response in maize.
reduction in photosynthetic output to extensive tissue and plant death (PD) (Karim et al., 1999; Sinsawat et al., 2004; Chen et al., 2010) . High temperatures also exacerbate yield losses caused by drought (Mallya et al., 2013; Lobell et al., 2014) . Drought and record heat in 2012 reduced yields in the United States by 27% (from pre-drought estimates) and caused an estimated US$30 billion in losses (Rippey, 2015) . The frequency of extreme heat events is expected to increase because of climate change (Duffy and Tebaldi, 2012) , and even optimistic models predict that HS events will become more frequent in the future (Anderson, 2011; Coumou and Robinson, 2013) . The physiological and molecular response of plants to HS has been an ongoing area of research, especially in the model organism Arabidopsis thaliana (L.) Heynh. (Mittler et al., 2012) , but research in the field setting (in situ) is lacking. The majority of in situ HS studies conducted in maize have focused on evaluating and comparing genotypes, not on quantitative trait locus (QTL) mapping (Jodage et al., 2017; Akula et al., 2018; Lizaso et al., 2018) . The lack of mapping studies is understandable, as heat waves are sporadic and of variable severity, making heat a difficult stress to study. Drought stress often accompanies HS, thus irrigation is necessary to reduce the confounding effect of drought. Controlled HS treatments in a field setting can be accomplished using portable plastic shelters placed over plots to create a greenhouse effect (Cantarero et al., 1999; Neiff et al., 2016) , but such techniques are not practical for evaluating large mapping populations. Researchers have subjected segregating populations of seedlings to HS in growth chambers, or taken tissue from field-grown populations indoors to apply a heat treatment (Ottaviano et al., 1991; Frova and Sari-Gorla, 1994; Frova, 1996; Frey et al., 2015) . The drawback of applying a stress ex situ is that the results have a "reduced reality," meaning that the results from controlled environments (ex situ) may not be pertinent in the field environment (Roy et al., 2011) . That "reduced reality" was observed by Chen et al. (2012) when genotypes exhibiting HS sensitivity in the field were found to be tolerant in a controlled environment and vice versa. Only one study has reported in situ mapped QTL for HS tolerance in maize, detecting 11 QTL in six interconnected F 3:5 populations representing European flint and dent germplasm (Frey et al., 2016) . To our knowledge, there are no reported genetic mapping studies for heat tolerance in North American maize germplasm under well-watered conditions.
The ultimate objective in studying HS tolerance is to increase grain yield, but even in stress-free environments, elucidating the complex genetic networks that influence grain yield is nontrivial. We chose to focus on foliar and tassel stress traits because they are components of yield reduction after HS. After a HS event, susceptible genotypes can exhibit two foliar stress phenotypes, leaf firing (LF) and leaf blotching (LB). Leaf firing is tissue death starting from the leaf tip, and developing leaves are more susceptible than mature leaves (Zaidi et al., 2016) . Leaf blotching is irregularly shaped lesions between leaf veins that may necrose or recover, depending on the severity of HS (Chen et al., 2017) . In sorghum [Sorghum bicolor (L.) Moench], association mapping has revealed that LF and LB are controlled by unique genomic regions, as well as by shared regions (Chen et al., 2017) . We previously observed that LF developed differently among susceptible genotypes, and those differences appeared to segregate in progeny. We hypothesize that genetic factors are responsible for the observed differences in LF and that further dissection of the LF phenotypes may provide an additional strategy to understand HS. When HS occurs immediately before or during tassel emergence, death and desiccation of tassel tissue is observed, referred to as tassel blasting (TSBL). When HS occurs at V8 to V10 (the early developmental stage of the tassel), the amount of pollen produced is reduced because of smaller tassel size and fewer anthers (Chen et al., 2012) . The genetic control and molecular mechanisms of these heat intolerance traits are unknown in maize.
Herein, we report QTL for foliar and tassel heat tolerance in two biparental recombinant inbred line (RIL) populations (B73 ´ NC350 and B73 ´ CML103). The objectives of this study are: (i) to identify loci involved in tolerance to HS for foliar and tassel traits, (ii) to determine if the different parental forms of LF are controlled by unique loci, (iii) to compare the genetic control of LF and LB, and (iv) to evaluate the effect of vegetative developmental stage on HS tolerance.
MATERIALS AND METHODS

Mapping Populations
We used two RIL populations, B73 ´ NC350 (NAM020) and B73 ´ CML103 (NAM002), developed for the maize Nested Association Mapping population (Yu et al., 2008; McMullen et al., 2009) . Prior evaluation identified the three parental inbreds as having contrasting HS tolerance (Chen et al., 2012) . The common parent, B73, is resistant to TSBL and developing leaves (within the whirl) are sensitive to HS at late vegetative stages. NC350 is moderately susceptibility to TSBL; the first and second expanding leaves above the youngest mature leaf show sensitivity to HS. CML103 is susceptible to PD and LF at all vegetative stages. Seed for B73 ´ NC350 and B73 ´ CML103 RILs and parental lines were obtained from the Maize Genetics Cooperation Stock Center (http://maizecoop. cropsci.uiuc.edu/nam-rils.php).
Field Trials
Field evaluations were conducted at the USDA-ARS Cropping Systems Research Laboratory in Lubbock, TX (33°35¢31.2¢¢ N, 101°53¢49.2¢¢ W), in 2010, 2011, and 2012 . Using 36°C as a starting point for HS, in 2010, there were 11 d with a maximum air temperature >36°C in the first 90 d after planting; there is particularly intolerant to high temperatures, to the point of PD. Only B73 ´ CML103 RILs exhibited PD, measured once in the LVS. Two tassel traits were scored, which were death and desiccation of tassel tissue (TSBL) and reduction in spikelet size (RSS). The severity of PD in B73 ´ CML103 prevented accurate scoring of TSBL and RSS.
In B73 ´ NC350, EVS_LB had two replications scored in 2011 and one in 2012. Measurements for MVS_LB were taken from two replications in 2011, and one measurement for LVS_LB in 2012. All other traits in B73 ´ NC350 had two replications scored in both 2011 and 2012. In B73 ´ CML103, scores for LF and PD were recorded from three replications in 2011 and two replications in 2012. One repetition for EVS_LB was measured in 2011 and 2012, three replications for MVS_LB were measured in 2011, and three replications were measured for LVS_LB in 2011 with one replication in 2012.
Least square means were calculated in R, with individual lines (genotypes) treated as fixed effects, and years, replications within years, and genotype ´ year interaction treated as random effects (Bates et al., 2015; Kuznetsova et al., 2016; Lenth, 2016; R Core Team, 2017) . To obtain entry mean-based heritability (h 2 ) estimates, all effects were treated as random effects. s is the residual variance, y is the harmonic mean of number of years per family, and r is the harmonic mean of number of plots per family replications (Holland et al., 2003) .
were 46 d in 2011, and 19 d in 2012. The stress phenotypes were not reliably observed in 2010 when there were the fewest days above 36°C; therefore, only the data from 2011 and 2012 were analyzed. On 5 May 2011 and 19 Apr. 2012, seeds were planted in single row plots 3.05 m in length, with 0.91 m between plots, and thinned to a density of 0.15 to 0.20 m per plant prior to six fully emerged leaves. Routine practices for insect control and fertilization were used and irrigation maintained well-watered conditions throughout the season. An automated weather station recorded daily meteorological data (https://www.csrl. ars.usda.gov/wewc/weather-pswc-data.aspx.html).
Evaluation of Heat Tolerance
Recombinant inbred lines were scored on a whole-plot basis using a 0-to-5 scale in increments of 1. A score of 0 denotes no plants exhibited HS intolerance, 1 denotes <20% of plants showing heat sensitivity, 3 denotes 40 to 60% of plants showing heat sensitivity, 4 denotes 61 to 80% of plants showing heat sensitivity, and 5 denotes ³80% of plants showing heat sensitivity (Fig. 1) . Two foliar HS traits, LF and LB, were scored. Leaf firing is outright tissue death after a HS event, and LB is the development of blotchy lesions. The parental LF phenotypes were differentiable and segregated among RILs and were denoted as LF_B73, LF_NC350, and LF_CML103. LF_ NC350 and LB were scored at three vegetative stages: early (EVS), middle (MVS), and late (LVS). The EVS is prior to 10 emerged leaves (V10), MVS is between V11 and V14, and LVS is at tasseling. For clarity, the abbreviation for LF of the NC350 form, scored in the LVS, is LVS_LF_NC350. LF_B73 and LF_CML103 were measured once in the LVS. CML103 The above model was modified as needed for traits without measurements in multiple years and replications.
Linkage Map Construction and QTL Mapping
Quantitative trait loci detection was performed using 185 lines of B73 ´ NC350 and 195 lines of B73 ´ CML103. All NAM RILs were previously genotyped using 1536 single nucleotide polymorphism (SNP) markers on the Illumina GoldenGate Assay system. We used the publicly available 1144 SNPs that passed quality control to create our linkage maps (McMullen et al., 2009) . Single nucleotide polymorphism marker data were downloaded from https://www.panzea.org/. The genetic map for B73 ´ NC350 is composed of 519 markers across 1384.6 cM, and the genetic map for B73 ´ CML103 contains 493 markers across 1321.0 cM. Both linkage maps have a mean distance of 2.7 cM between markers. Inclusive composite interval mapping detected QTL using a step width of 1 cM in ICIMapping (Meng et al., 2015) . A QTL was declared when the logarithm of odds (LOD) score exceeded the significance threshold established via 1000 permutations. Quantitative trait loci detection was performed in individual populations rather than joint population analysis because only four of the measured traits can be compared across populations (LVS_LF_B73 and the three vegetative stages of LB). A consensus linkage map was created and the joint population QTL analysis detected one novel QTL. Synteny between maize and sorghum was analyzed using CoGe (https://genomevolution.org/coge/) (Lyons and Freeling, 2008) .
RESULTS
Maximum air temperature was >36°C for 46 d in the first 90 d after planting on 5 May 2011, and the average maximum temperature on those days was 38.3°C (Fig. 2) . The average maximum air temperature on non-HS days was 32.4°C. The first 90 d after planting on 19 Apr. 2012 saw 19 d with a maximum air temperature >36°C, and the average maximum temperature on those days was 37.6°C. The average maximum air temperature on non-HS days in 2012 was 30.7°C. The environmental (i.e., year) and genotype ´ environment interaction variance were low for a majority of traits (Table 1) . Overall heritability estimates were high, ranging from 0.81 for EVS_LB to 0.96 for LVS_LF_NC350 and LVS_LF_B73 in B73 ´ NC350. In B73 ´ CML103, heritability estimates ranged from 0.29 (EVS_LB) to 0.96 (LVS_LF_B73).
Two traits were measured in both populations, LVS_LF_B73 and LB. The severity of LVS_LF_B73 and EVS_LB was greater in B73 ´ NC350 RILs; MVS_LB and LVS_LB was more severe in B73 ´ CML103 RILs (Table 1 ). The greater frequency of HS events and higher overall maximum air temperature in 2011 resulted in greater mean HS scores than in 2012 for all traits except those scored in the EVS (Supplemental Table S1 ). The largest difference in trait means between years was 0.63 for LVS_LB in B73 ´ CML103. Trait distributions were generally right skewed, and the full range of HS scores (0-5) was observed for all traits (Supplemental Table S1 ).
QTL in B73 ´ NC350
Fifteen QTL were detected across eight of the nine traits scored in B73 ´ NC350 (Fig. 3, Table 2 ). Quantitative trait loci for LF_NC350 were detected on chromosomes 5, 9, and 10, explaining between 22.8% (two QTL in EVS) and 30.6% of phenotypic variance (three QTL in MVS). The QTL on chromosome 10 had the highest phenotypic variance explained (PVE), and the B73 allele conferred heat tolerance. NC350 donated the tolerance allele for the other two QTL on chromosomes 5 and 9. Quantitative trait loci effects for LF_NC350 were consistent across developmental stages, the biggest change being a decrease of 2.9% from the EVS to LVS for the QTL on chromosome 10 ( Table 2 ). The two LF phenotypes (LF_NC350 and LVS_LF_B73) were not correlated and QTL did not co-localize (Table 3) . One QTL for LVS_LF_B73 was detected on chromosome 1, with a PVE value of 8.0%.
For LB, QTL were detected on chromosome 1 in the EVS and MVS, on chromosome 10 in the EVS and LVS, and on chromosome 8 in LVS. The variance explained by the QTL on chromosome 1 decreased from 15.2% in the EVS to 8.7% in the MVS, and finally to 6.3% in the LVS, where the LOD score of 2.8 was no longer above the threshold (Fig. 3E-3G ). The heat tolerance allele for LVS_LB on chromosome 8 was donated by NC350; all other LB tolerance alleles came from B73. Leaf blotching Of the two tassel traits scored, TSBL and RSS, one QTL was detected for TSBL on chromosome 5, with a PVE value of 8.0%. A significant correlation exists between TSBL and LF_NC350; however, QTL mapped in separate regions (44 cM for MVS_LF_NC350 vs. 114 cM for TSBL). No QTL were detected for RSS.
was significantly correlated with LF_NC350 at all developmental stages (P < 0.001), and with LVS_LF_B73 in the EVS (P < 0.01) ( Table 3 ). Co-localization of LF_NC350 and LB QTL was observed on chromosome 10. The EVS_ LB QTL on chromosome 1 is 14 cM from the QTL for LVS_LF_B73, and the QTL have opposite additive effects. 
QTL in B73 ´ CML103
Seven QTL were detected in five of the six HS traits scored in B73 ´ CML103 (Fig. 4) . LVS_LF_CML103 mapped QTL to chromosomes 2 and 3, with PVE values of 11.6 and 10.2%, respectively ( Table 2 ). The heat tolerance allele was donated by CML103 for the QTL on chromosome 2, and by B73 for the QTL on chromosome 3. LVS_LF_B73 mapped a single QTL to chromosome 1 at 63 cM, 10 Mb from the QTL for LVS_LF_B73 in B73 ´ NC350. The allele donated by B73 was for heat intolerance in both populations. LVS_LF_B73 was not significantly correlated with LVS_LF_CML103 and LB ( Table 4 ).
The QTL for MVS_LB (chromosome 2) had a PVE value of 7.1% and the two QTL for LVS_LB (chromosomes 2 and 3) had a combined 16.8% PVE. The allele on chromosome 3 inherited from B73 conferred heat tolerance and the allele on chromosome 2 from B73 conferred intolerance (Table 2) . Quantitative trait loci for LB had consistent effects across developmental stages. There was a significant correlation between LB and LVS_LF_CML103 (P < 0.001), and QTL for both traits mapped to the same region of chromosome 2. The QTL are 10 cM apart and the one-LOD drop confidence intervals (CIs) did not overlap, suggesting that the QTL detected different genetic elements. No QTL were detected for EVS_LB. The single QTL for PD on chromosome 3 had the largest PVE (26.2%) of any QTL in either population. The QTL for PD and LVS_LF_CML103 appeared to capture the same loci as they were 1 cM apart, and the two traits were significantly correlated (P < 0.001), with the B73 allele conferring heat tolerance. This implies that the QTL on chromosome 3 is involved in HS tolerance in both the tassel and leaf.
DISCUSSION
The results of this study represent a starting point to further elucidate the genetic control of HS in North American maize germplasm. The only prior genetic mapping study of HS tolerance in maize under well-watered field conditions used European flint and dent germplasm (Frey et al., 2016) . One foliar HS response was reported in Frey et al. (2016) , leaf scorching, and a QTL declared on chromosome 9. The physical positions of the CIs overlap for the leaf scorching QTL and the QTL for LF on chromosome 9 in B73 ´ NC350. The detection of loci influencing foliar heat tolerance in the distal region of chromosome 9 in different genetic material, evaluated in different continents, makes that genomic region well suited for future research.
Observed differences in the development of LF between inbred parents lead us to ask if the forms of LF are under different genetic control. Quantitative trait loci for the B73 form of LF (LVS_LF_B73) were detected on chromosome 1 in both populations, with the B73 allele conferring heat intolerance, explaining 8.0% of phenotypic variance in B73 ´ NC350 and 15.5% in B73 ´ CML103. There was no significant phenotypic correlation between LVS_LF_B73 and the other parental forms of LF (LF_NC350 and LF_CML103), and QTL did not co-localize. This gives credence to our hypothesis that multiple, phenotypically differentiable pathways are involved in the LF trait. Future studies measuring LF should look for differences in the development of LF, in addition to measuring the magnitude of heat-induced tissue death. Having observed that the leaves of susceptible genotypes displayed irregular discolored lesions (LB) that can lead to necrosis, in addition to outright tissue death (LF), we asked if LB is a less severe form of LF (i.e., controlled by the same pathway) or if LF and LB are distinct traits (i.e., controlled by different HS response pathways). Co-localization of LF and LB QTL occurred only on chromosome 10 in B73 ´ NC350, and all LVS_LF_CML103 and LB QTL in B73 ´ CML103 mapped to the same regions, although the QTL CIs for the latter population were 5 and 24 cM apart (Table 2) . We observed equal instances of QTL dissimilarities (non-co-localization) and similarities (co-localization) in the detectable genetic control of LF and LB in the two populations we examined. The dissimilarities suggest that LF and LB are distinct traits under control of different pathways; therefore, cultivar improvement should proceed by pyramiding tolerance alleles for both traits. The observed co-localization suggests that the traits may share regulatory elements and cultivar improvement should focus on identifying and selecting alleles that influence both traits. A sorghum association panel was scored for LF and LB, and similar to our results, there were instances of QTL mapping to unique regions and co-localization (Chen et al., 2017 ). An objective of our ongoing research is to further clarify the unique and shared genetic components of the LF and LB pathways to facilitate the development of cultivars with improved heat tolerance.
We also sought to determine if the genetic control of HS tolerance changes across vegetative developmental stages. We measured LF_NC350 and LB at three vegetative stages and found few differences in the number of QTL across time. For LB in B73 ´ NC350, the QTL on chromosome 1 was detected in the EVS and MVS, the QTL on chromosome 10 was detected in EVS and LVS, and the QTL on chromosome 8 was detected only in the LVS. No QTL were detected for EVS_LB in B73 ´ CML103, the QTL on chromosome 2 was significant in the MVS and LVS, and the QTL on chromosome 3 was detected only in the LVS. Phenotypic variance explained by QTL across vegetative developmental stages was also stable, the largest change in PVE being a decrease of 6.5% from EVS to MVS for the LB QTL on chromosome 1 in B73 ´ NC350. The aforementioned sorghum association study by Chen et al. (2017) also measured LF and LB at three vegetative stages and, compared with our results, observed more variability in QTL number and position across time. If HS has consistent genetic control across developmental stages, then the timing of HS during vegetative development is less important than the severity of the stress.
In addition to foliar response to HS, we scored two tassel traits in B73 ´ NC350 (TSBL and RSS) and PD in B73 ´ CML103. Tassel blasting is a recognized symptom of heat and drought stress, but studies involving the genetic control of TSBL are few. The estimated heritability for TSBL was 0.90, similar to the estimate of 0.99 in a set of diverse tropical maize inbred lines (Alam et al., 2017) . One QTL for TSBL was detected on chromosome 5; no QTL were detected for RSS. The QTL for PD had a PVE of 26.2%, the highest of any trait in either population. A significant phenotypic correlation was observed among PD, LVS_LF_CML103, and LVS_LB, and all three traits had QTL in the same region of chromosome 3. It is unclear if PD is a result of extreme susceptibility to LB and LVS_LF_CML103.
We compared the position of maize genes syntenic to the 15 sorghum genes listed in Table 3 of Chen et al. (2017) . Two syntenic maize genes are within, or close to, the physical position of QTL CIs identified in this study (Supplemental Table S2 ). The sorghum gene Sb09g026470 is syntenic to Zm00001d043634 and is a brassinosteroid leucine-rich repeat receptor kinase (BRI1) (Tůmová et al., 2018) . The physical position of Zm00001d043634 is within the QTL CIs for PD and LVS_LF_CML103 on chromosome 3 in B73 ´ CML103. The second gene, Zm00001d025343, is a purple acid phosphatase and syntenic to Sb06g015470 in sorghum. Purple acid phosphatases are a large family of proteins, and in pearl millet [Pennisetum glaucum (L.) R. Br.], they have a known role in HS response (Reddy et al., 2017) . The two syntenic genes in maize and sorghum that influence foliar response to HS are potential targets for future research.
With HS events predicted to increase in the future, it is critical that maize germplasm with enhanced tolerance be developed (Anderson, 2011; Coumou and Robinson, 2013) . Our research used existing mapping populations to show that the parental forms of LF are under different genetic control and that foliar damage in response to HS can manifest itself as LB in addition to LF. Further efforts are needed to resolve the mechanisms of HS in temperate germplasm on both an inheritance and physiological basis.
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